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Chapter 1
Single Molecule studies on the Protein 
Translocon

Anne-Bart Seinen and Arnold J.M. Driessen
Annual Review of Biophysics 2019. Volume 48

Single-molecule studies provide unprecedented details about processes that are difficult to grasp 
by bulk biochemical assays that yield ensemble-averaging results. One of these processes is the 
translocation and insertion of proteins across and into the bacterial cytoplasmic membrane. 
This process is facilitated by the universally conserved secretion (Sec) system, a multi-subunit 
membrane protein complex that consists of dissociable cytoplasmic targeting components, a 
molecular motor, a protein-conducting membrane pore, and accessory membrane proteins. Here, 
we review recent insights into the mechanisms of protein translocation and membrane protein 
insertion from single-molecule studies.
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1.1 Introduction

The basic structural part of all living matter on planet Earth is a cell. It can exist as highly 
organized multicellular organisms like ourselves, or on its own like microorganisms and 
other unicellular life. Since the discovery of microorganisms by Antonie van Leeuwenhoek 
in the late 17th century by the use of rudimentary microscopes, major advances have been 
made in the development of these instruments. The importance of directly observing objects 
made microscopy a valuable tool to study not only organisms, but also the processes inside 
these organisms by the use of fluorescent proteins and chemical probes. For many centuries, 
however, a physical barrier called the Abbe’s diffraction limit (Figure 1), withheld scientists 
from studying object smaller than 200 nm using microscopes. 

Figure 1 | The diffraction limit. The wave-like nature of visible light limits the resolution of a microscope. This 
border, known as the Abbe’s diffraction limit, lies around the 200 nanometers for typical optics using visible light and 

makes separation of objects smaller than this barrier impossible.

 

However, technical breakthroughs during the last decades made it possible to go beyond this 
limit and made scientist venture into the realm of viruses, proteins and even small molecules. 
At the basis of passing the Abbe’s diffraction limit, is the ability to detect light emitted from 
individual fluorescent reporters. These can either be small molecules, like fluorescent dyes, 
or proteins, like the green fluorescent protein (GFP), which emit light upon excitation with 
a light source. Using computational methods to define the emitted light using a Gaussian 
function, a spatial resolution of 5-20 nm can be achieved which lead to a new field, super-
resolution microscopy. The importance of visualizing beyond the Abbe’s limit and momentous 
breakthroughs that made this possible were recently acknowledged by the rewarding of a 
Nobel prize.

1.2 In vitro versus in vivo

Using various microscope methods and techniques, scientist have studied biological processes 
in their native environment, e.g. in vivo, and outside the host, e.g. in vitro, to provide a more 
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focused analysis of the object studied. In vitro experiments are based on aqueous solutions and 
purified proteins to allow for a high degree of control over the experimental parameters. An 
advantage of this approach is that a scientist can reduce the complexity of a biological system and 
study a particular part of it. Which technique to use to study the in vitro object depends heavily 
on the research question as each technique has its limitations. Techniques often used for in vitro 
studies are: Electron Microscopy (EM), Atomic Force Microscopy (AFM), fluorescence spectro- 
or microscopy and optical tweezers. Upon today, a down side to the in vitro approach is that 
these experiments are limited to studying the isolated object and cannot provide information 
on how the object functions as a part of the system due to the non-native conditions. The 
only way to circumvent this problem is to study the object in their native environment, e.g. in 
vivo. A multitude of techniques based on super-resolution microscopy exist nowadays. Photo 
Activation Localization Microscopy (PALM), Stochastic Optical Reconstruction Microscopy 
(STORM), Stimulated Emission Depletion (STED) microscopy and Light Sheet Fluorescence 
Microscopy (LSFM) are techniques often used for in vivo studies. These techniques allow for 
visualization far below the diffraction limit of the object under native conditions inside the 
cell. However, studying objects in vivo adds unconceivable complexity to the observations of 
said object as numerous uncontrollable factors are present in living cells. Nevertheless, using 
sophisticated data analysis methods, unprecedented details on the behavior of the object of 
interest and system it is a part of can be extracted.

1.3 Ensemble versus single-molecule

The past decades structural and biochemical studies have provided important insights into 
our understanding of biological processes, from protein structure to how pathways work. The 
methods used in these studies, however, provide ensemble-averaged readouts, concealing the 
dynamical information of individual components. Single-molecule based techniques however, 
allows for direct observations of the individual components either in vitro or in vivo. The ability 
to study single-molecules provides unprecedented details thereby providing new insights into 
important structure and functional properties of not only the compound of interest, but also 
the system as a whole.

1.4 Single-molecule studies of the general secretion system

Over the past two decades, numerous biological systems have been researched through the 
use of the aforementioned single-molecule techniques. The complexity of these systems 
ranges from tissues and isolated cells to bio-molecular complexes and individual molecules. 
One of the key cellular processes studied is protein biogenesis: the synthesis, maturation, 
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and partitioning of a protein to specific compartments within a cell. Despite the difference 
in organisms, protein biogenesis happens in every cell and organism. Although the specific 
route towards the final destination depends on the species, secretory (also termed 
preproteins) and integral membrane proteins are faced with a similar maturation path due 
to a comparable biological architecture. Namely, every cell is separated from its environment 
by a semipermeable cytoplasmic membrane, isolating the key interior features of a cell from 
the exterior. On the inside, a cell contains cytoplasm, a gel-like substance called cytosol. Here, 
all the machinery for cell growth and metabolic functions are sited. Isolated to a specialized 
region called the nucleus or nucleic region, is where the information on how to support life and 
propagate is encoded by genetic material called DNA is located. To support life, a cell needs to 
take up nutrients from its environment and secrete products. Some small molecules can pass 
the cytoplasmic membrane on their own, however, most nutrients require specialized channels 
or transporters in the membrane to pass this barrier. The same applies for proteins that have 
a function in the cytoplasmic membrane or outside of the cell. These proteins have diverse 
functions, ranging from energy production and signal transduction, nutrient transport up to 
cellular motility. The majority of these proteins are inserted or secreted across the cytoplasmic 
membrane by the highly conserved secretion (Sec) system, centered around a heterotrimeric 
SecYEG translocon, which is homologous to the eukaryotic Sec61 translocon residing in the 
endoplasmic reticulum (ER).

1.5 Modus operandi of the bacterial Secretory complex 

In a prokaryotic cell (Bacteria and Archaea), the core of the secretory complex consists of 
the SecY, -E and -G proteins also termed the translocon, which forms a protein conducting 
channel in the cytoplasmic membrane. The translocon works in concert with a set of cytosolic 
and membrane proteins to form the holotranslocon to facilitate efficient protein insertion 
or translocation. From the start of synthesis on the ribosomes until their final destination, 
secretory (also termed preproteins) and integral membrane proteins are faced with a 
maturation path that is filled with obstacles. A highly regulated process of protein targeting 
directs newly synthesized proteins to their insertion or secretion site by recognizing and 
acting on specific signals contained in these proteins, i.e. signal sequences or hydrophobic 
trans-membrane domains (TMDs) 1. Depending on the signal features, one of the two major 
targeting routes is taken, that directs the protein to the SecYEG translocon 2 (Figure 2). 
Secretory proteins are generally targeted post-translationally to the membrane (Figure 2A), 
whereas the co-translational (Figure 2B) targeting route is mostly employed for the insertion 
of integral membrane proteins. 
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Figure 2 | Schematic representation of the bacterial SecYEG pathway. (A) Unfolded secretory proteins 
are post-translationally targeted to the SecYEG-bound SecA (Green) by the chaperone SecB (Blue) 
and translocated in an ATP-dependent fashion through a membrane pore formed by SecYEG (orange). 
Translocation is stimulated by the proton motive force (PMF) which involves the SecDF(yajC) complex 
(Pink). (B) Nascent membrane proteins bound by SRP (Purple), and co-translationally targeted to the SecYEG 
translocon via FtsY (Purple) for membrane insertion. (C) YidC (Red) is a membrane protein insertase that 
can insert small hydrophobic proteins into the membrane, or work in concert with the SecYEG translocon.  
Figure adopted from Driessen and Nouwen. Protein translocation across the bacterial cytoplasmic membrane, 2008. 
Additional abbreviation: CM, cytoplasmic membrane.

These two pathways diverge at an early stage when the N-terminus of a nascent protein emerges 
from the ribosome exit tunnel 3. At this point, signal recognition particle (SRP) and peptidyl-
prolyl cis-trans isomerase trigger factor (TF) compete for binding the ribosome nascent 
chain 4,5. In the post-translational route, the N-terminal signal sequence is recognized by TF. 
During chain elongation and once more than 100 amino acids are exposed from the ribosome 
exit tunnel, molecular chaperones like SecB bind the nascent chain. Our current knowledge 
on chaperone binding is limited, however, chaperones display a highly specific substrate 
specificity. In case of SecB, binding stabilizes the newly synthesized polypeptide, keeps it in an 
unfolded translocation competent state and directs it to the SecYEG-bound SecA, which forms 
the motor domain of the holotranslocon 6. SecB releases the polypeptide to SecA, which on 
ATP binding and hydrolysis, initiates translocation of the unfolded peptide through the protein 
conducting channel 7. The exact mechanisms by which SecA mediates translocation are still 
largely unknown, but several working models have been suggested: 1) Brownian ratchet 8; 2) 
power stroke 9,10; 3) peristalsis 1,9; 4) subunit recruitment 11 and 5) reciprocating piston model 
12. The last model combines all the known data of protein translocation in a unifying theory. The 
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initiation steps are made when a SecA dimer binds with high affinity to the SecYEG translocon 
(step 1) and whereby it is activated for ATPase activity (step 2) 13–16. Subsequently, the SecB-
bound preprotein is targeted to the SecYEG-bound SecA (step 3), where SecB binds to SecA 
and releases the preprotein to SecA.  Upon binding and hydrolysis of ATP by SecA, the amino-
terminal signal sequence of the protein is inserted into the SecYEG pore and SecB is released 
from the complex (step 4) 17. The hydrolysis of ATP possibly causes dissociation of SecA from 
the preprotein and may promote monomerization in which one SecA remains bound to the 
SecYEG pore to prevent backsliding of the polypeptide (step 5) 18–20. ATP hydrolysis also leads to 
a conformational change in the SecYEG-bound SecA protomer which is called the de-insertion 
step (step 6) 18. Next, cytosolic SecA binds the trapped polypeptide (step 7) and dimerization 
of the cytosolic SecA and SecYEG-bound SecA translocates the preprotein through the pore 
(step 8). The subsequent binding of ATP to the dimer drives the polypeptide chain even further 
through the translocon (step 9). The translocation cycle (steps 5-9) are repeated until the 
preprotein is fully transported across the cytoplasmic membrane. The final step of protein 
translocation is the cleavage of the signal sequence by the signal peptidase, which releases 
the secretory protein into the periplasm. Two other proteins associating with the SecYEG 
translocon are SecD and –F, that form another heterodimeric membrane protein complex that 
also includes YajC, a membrane protein with unknown function. SecDF are involved in the later 
stages of translocation, and pull the translocating protein through the SecYEG channel at the 
periplasmic side of the cytoplasmic membrane in a process that is driven by the proton motive 
force (PMF) 7. ATP-dependent translocation is a slow process, but in the presence of a PMF, 
translocation occurs very fast once SecA has released the preprotein 20. In contrast to secretory 
proteins, membrane proteins generally do not contain a N-terminal signal sequence, instead a 
TMD functions as a signal for co-translational targeting 1. During synthesis, a TMD displayed by 
the ribosome-bound nascent chain (RNC) is bound by SRP, which targets the RNC-SRP complex 
to the SRP membrane receptor, FtsY 3. FtsY facilitates docking of the RNC-SRP-FtsY complex 
to the translocon. This results in the formation of a heterodimeric SRP-FtsY complex which is 
activated for GTP hydrolysis to release the RNC from SRP to the SecYEG complex. Following 
insertion into the SecYEG channel, the hydrophobic TMDs are partitioned into the lipid bilayer. 
This last step is made possible by the unique structure of the SecY, which forms a lateral gate 
through which TMDs can pass into the lipid bilayer 21.

In the next sections, we discuss recent insights into the mechanism of protein translocation 
and membrane protein insertion through the bacterial secretory complex based on single 
molecule approaches.
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1.6 Single-molecule measurements on the co-translational targeting 
components SRP and FtsY

Figure 3 | Structure of RNC-SRP-FtsY complex docked at the SecYEG translocon. (A) A ribosome (Gray) displaying 
a signal sequence (Magenta) is bound by SRP, FtsY (Green), and the SecYEG translocon (Red). (B) Illustration of Förster 
resonance energy transfer principle between two probes. (C) Jablonski diagram of Förster resonance energy transfer. 
Complex structure in panel A adopted from A. Jomaa et al. Structure of the quaternary complex between SRP, SR, and 
translocon bound to the translating ribosome, 2017. Abbreviations: RNC, ribosomal nascent chain; S0, ground state; 
S1, excited state; SR, SRP receptor; SRP, signal recognition particle; SS, signal sequence.

A set of loops located at the cytoplasmic side of the Sec translocon, extending into the 
cytoplasm, facilitate the binding of cytoplasmic accessory proteins for the post- and co-
translational protein translocation modi. These cytoplasmic loop are part of the SecY protein 
and are involved in binding of SecA and translating ribosomes 22,23. In E. coli, the RNC complex is 
targeted co-translationally to the SecYEG translocon (Figure 3A, Red) by SRP and endogenous 
membrane-bound receptor FtsY (Figure 3A, Green). FtsY is a monomeric GTPase that consists 
of several domains. The A-domain facilitates the interactions with the cytoplasmic membrane 
and the translocon 24,25, while the helical NG-domain contains a Ras-like GTPase subdomain 
and the binding site for a homologous NG-domain on SRP 26,27. Structure elucidation of the 
bacterial SRP protein revealed a heterodimeric arrangement, consisting of a single-protein 
subunit, Ffh, and a 114-nucleotide-long 4.5S SRP RNA construct. The SRP protein moiety Ffh, 
contains two domains: a methionine-rich M-domain (Figure 3A, Cyan) that facilitates high-
affinity SRP RNA 28 binding and signal sequence recognition 29 and a NG-domain (Figure 
3A, Blue) that is homologous to the NG-domain on FtsY, and which facilitates the binding 
of SRP to FtsY 26,27. The RNA moiety (Figure 3A, Orange) of SRP is essential and universally 
conserved. Structural analysis of the RNA molecule suggested large conformational changes 
upon binding of FtsY that are essential for SecYEG ribosome interactions 30. The function of 
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this RNA moiety was investigated using single-molecule Förster resonance energy transfer 
(FRET) (Figure 3B and 3C) to observe conformational dynamics of single SRP molecules 31. In 
a FRET experiment, an object is labeled with a set of two light-sensitive fluorescent probes, a 
donor and an acceptor. Initially, the acceptor probe is in a dark state and upon transference 
of energy from the excited donor through non-radiative dipole-dipole coupling, switches to 
the bright state and is detected. The efficiency of energy transfer is inversely proportional 
to the sixth power of the distance between the donor and acceptor fluorophores, allowing 
for the detection of nanometer conformational changes. The distance at which the transfer of 
energy is 50% is termed the Förster distance and is specific for a FRET pair. To measure the 
changes in conformation, the NG-domain of FtsY was labeled with a FRET donor, where the 
acceptor was located at the distal end of the SRP RNA. In the presence of a non-hydrolyzable 
GTP analog, stable and functional SRP-FtsY complexes displayed two pronounced FRET states. 
The low-efficiency FRET state, indicates a relative large distance between probes, signifying 
that the GTPase complex residing in the NG-domain of Ffh is located close to the SRP RNA 
tetraloop. The high-efficiency FRET state corresponds to a state in which the GTPase complex 
is in close proximity to the FtsY NG-domain on the distal site. By analyzing the dwell times, 
kinetics of FRET transition states were obtained, revealing two intermediate transient states. 
Further analysis showed that the conformational changes are regulated by the GTPase cycle of 
SRP and FtsY, the SecYEG translocon and translating ribosomes. These single-molecule FRET 
(smFRET) observations visualized for the first time the movement of the GTPase complex on 
the SRP RNA moiety and revealed dynamical conformational changes at the single-molecule 
level with unprecedented detail. 
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1.7 The SecYEG translocon

Figure 4 | Crystal structure and cellular localization of Escherichia coli SecYEG. 
(A) Crystal structure of SecYEG translocon (PDB ID: 5NCO), indicated are the plug domain (Magenta) and the lateral 
gate flanked by the TMD2 and TMD7. SecY TMDs 1-6 (Green), TMDs 7-10 (Blue), SecE (Yellow), and SecG (Orange). 
(B) Crystal structure of SecYEG rotated 90 degrees, top view of the SecYEG translocon clearly visualizing the central 
pore and lateral gate. (C) Super-resolution imaging of SecE in E. coli cells showing stretches of higher fluorescence 
intensity possibly indicating sites for protein insertion. Scale bar is 1 µm. Abbreviation: TMD, transmembrane domain.

1.7.1 Structural insights into the SecYEG translocon

The bacterial translocon consists of a stable complex of the SecY, -E, and -G proteins (Figure 
4A and 4B). In vitro reconstitution studies have shown that translocation is still possible 
if the translocon consists solely out of the SecY and -E proteins together with SecA 31. The 
peripherally located SecG protein is not essential for cell viability, but its presence increases 
the efficiency of translocation at low temperatures or when the PMF is absent or low 32–34. 
Elucidation of the structure of the translocon has provided detailed insights into the structural 
basis of the translocation mechanism. Using X-ray diffraction, the structure of SecYEG was 

BA

C



16

resolved at high resolution 21,35–37. SecY displays an unique conformation of 10 α-helical TMDs 
in which the α-helices 1 to 5 and 6 to 10 are arranged in a structure resembling a bivalve 
shell (Figure 4A and 4B, red and green TMDs) 21. Loops between the SecY TMDs 6/7 and 8/9, 
termed C4 and C5 respectively, are extending into the cytosol and are involved in binding of 
SecA and translating ribosomes 22,23. SecY is stabilized by SecE, which encompass the pore in 
a V-shaped manner (Figure 4A and 4B, yellow TMDs). Unlike SecY, the topology of SecE varies 
among species. In E. coli SecE consists of three TMDs, whereas the homologue in M. jannaschii 
contains only one TMD. The E. coli SecE protein consists out of an amphipatic helix, which 
runs parallel to the membrane, and a conserved tilted helix, which contacts the two halves of 
the bivalve shell formed by SecY. These two helices are connected by the hinge region which is 
essential for stability of the pore and provides flexibility to the whole complex, while the two 
TMS are not required for activity 38–40. 
The angle of the pore, formed by the SecY TMDs, creates a characteristic hourglass-shaped 
channel with an aqueous funnel-like entrance and exit cavity. At its widest point, the pore 
has a diameter of approximately 20-25 Å from which it narrows down to the central ring 
with a diameter of ~4 Å 21. This pore ring consists out of six hydrophobic isoleucine residues 
that form a seal that prevents leakage of ions in the closed conformation of the pore and 
may maintain membrane integrity during translocation by forming a ion barrier around 
the polypeptide 41–43. Another mechanism preventing undesired passage of ions through 
the SecY pore is the presence of a small α-helix domain within the SecY protein, which 
functions as a plug to seal off the channel at the periplasmic side of the pore 21. During protein 
translocation, however, some ions pass through the channel 44,45. This translocation-associated 
ion conductance of the translocon has been examined using various biochemical methods.  
In pursue of obtaining more accurate readings of the ion conductivity and mechanistically 
insights on how a translocon channel is sealed, single-molecule electrophysiology was 
employed. Using a model lipid bilayer system called black lipid membranes, referring to the 
reflection of light resulting from the formation of membrane of molecular-scale thickness, 
reconstituted with single translocon channels, the conductivity of single channels was assayed. 
In these black lipid membrane setups, a lipid bilayer is formed over small pore which separates 
two buffer solution filled chambers. A constant voltage is kept on the electrodes in each chamber 
while the electrical current is monitored. Opening and closing of a channel reconstituted 
inside the lipid bilayer results in a change of ion flux through the channel, resulting in a change 
of the measured electrical current. Early studies using black lipid membranes focused on 
SecYEG and the eukaryotic homologue, Sec61 from canine pancreas 46,47. Remarkably, a similar 
115 picosiemens (pS) large conductance was detected for both assays, suggesting that the 
conductance was facilitated by an open conformation of the SecYEG and Sec61 channels. 
The same value also indicated that the prokaryotic and eukaryotic channels share a similar 
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structural conformation of the pore leading to the similar conductance. 
A follow-up study, employing black-lipid membranes, investigated different structural 
properties of the E. coli SecYEG channel 42. Measuring the conductance of wild-type SecYEG, it 
was found that in the closed or resting state the channel was impermeable for ions and water 
molecules. To investigate the role of the pore ring, a prlA4 SecY mutant was examined with 
the black lipid technique. This mutant belongs to a class of signal-suppressor mutants that 
allow for translocation of secretory protein with defective or missing signal sequences. The 
prlA4 mutant contains two mutations, one in the pore ring and another mutation in TMD 7 
that counteracts the destabilizing mutation in the pore ring. The mutant showed significant 
conductance in the resting state that arose from intermittent opening of the channel with no 
apparent cause other than time-dependent structural rearrangements of SecY, supporting 
the hypothesis that the prlA4 translocon is less selective and more easily opened. However, 
the central ring is not the only structural feature sealing the translocon as the plug domain 
seals the structure from the periplasmic side. To investigate the role of this plug domain in 
the conductance of ions and water molecules, mutations were created to investigate crucial 
amino acid residues or fixate the plug in a permanent open position. Mutating the residues 
in key positions lead to a similar intermittent transient opening of the channel akin to the 
observations of the prlA4 mutant. By locking the channel in a permanent open position by 
crosslinking the plug domain to SecE, a massive ion flux was detected. Hardly any channel-
closing events were detected in this state, and breakage of the crosslink between SecE and the 
plug domain, the conductance stopped indicating a reversion to the closed state. Together, the 
pore ring and the plug domain effectively seal the channel, where the plug domain plays a major 
role in sealing the channel and the central pore ring forming a gasket for prevent ion leakage 
during translocation of a protein. Under native conditions, opening and closing of the SecY 
channel is orchestrated on demand when a preprotein needs to be translocated. More recent 
black lipid membrane studies, focused on the effect of ligands on the channel conductance 48,49. 
Introduction of signal peptides and ribosomes to SecYEG channels, were found to change the 
conductance, implying channel conformations induced by ligands. 
Plug domain dynamics were also studied by an in-vitro smFRET approach 50. To follow the 
opening of the channel, the plug and cytosolic loop of TMD2 were labeled with a donor and 
acceptor fluorophore respectively. Total internal reflection microscopy (TIRFm) and confocal 
microscopy were employed to detect the FRET signals. In the presence of a preprotein, 
SecA, SecB and ATP, a bimodal distribution of two plug domain states was obtained. The 
first state corresponds to a closed conformation of the SecY pore, and the second reflects an 
open conformation where the plug was displaced from the channel. Although the transition 
between states seemed instantaneous using TIRFm, the high temporal resolution of confocal 
microscopy made it possible to resolve fast opening and closing of the channel on the 



18

millisecond time scale. Interestingly, initial opening of the channel depends on the hydrolysis 
of ATP by SecA, while closing of the channel does not. The ATP-driven plug opening produces 
only a partially opened conformation while complete displacement of the plug additionally 
requires preprotein insertion into the channel. This observation is in line with the previous 
black lipid membrane studies and underlines the high dynamical nature of the translocon. The 
dwell times obtained from the FRET experiments indicate the time the channel was closed or 
open, and this was related to the length of the preprotein passing through the channel. The 
duration of the open state was used as a proxy to calculate the translocation rate of substrates 
with different lengths. A fast rate of ~40 amino acids per second was found. In vivo, however, 
translocation is much faster owing to the PMF 7,52. 

1.7.2 The lateral gate opening mechanism

The SecYEG channel conformations to allow protein insertion into or secretion across 
the cytoplasmic membrane are related to the unique structure of the translocon channel. 
The bivalve shell formed by SecY can on one side open to the lipid bilayer. This lateral gate 
is believed to form the path for the insertion of membrane proteins into the lipid bilayer. 
In the crystal structures the gate is located between the TMDs 2b and 7 and observed in a 
closed conformation. The distance between these two helices is approximately 7 Å 21 and 
must increase to 24 Å 22 to allow passage of hydrophobic polypeptide segments into the lipid 
bilayer. Biochemical ensemble studies indicated a binding pocket for signal sequences and 
hydrophobic TMDs between TMDs 2b and 7, that triggers the opening of the lateral gate 21. 
Observing the real-time insertion of a nascent membrane protein is very challenging. To study 
the fast and transient mechanisms involved in membrane protein insertion, biochemical and 
single-molecule techniques were employed to monitor and trap the translocon in different 
translocation intermediate states 51,52. The SecM stalling sequence was used to create RNCs 
displaying different hydrophobicity and lengths of SecYEG substrates 51. One such substrate used 
in many in vitro assays, is the leader peptidase (Lep). This substrate contains two N-terminal 
TMDs that are inserted into the cytoplasmic membrane of E. coli by the SecYEG translocon. 
Stalled RNCs with the first 75 N-terminal residues of Lep (Lep75-RNC), display approximately 
40 amino acids outside the ribosomal peptide exit tunnel, that traps the translocon in a co-
translational intermediate state, making it possible to investigate transient conformational 
changes of the lateral gate during the protein insertion event. Recent studies employed single-
molecule FRET 52 and single-molecule photon-induced electron transfer (PET) 51 to investigate 
the unique gating feature of SecY and the conformational changes involved in opening of the 
gate. Unlike the energy transfer in FRET, an excited state electron is transferred with PET. The 
process of electron transfer starts when a photon excites an electron. The excitation leaves a 
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vacancy in a ground state orbital that can be filled by an electron from a donor. Additionally, 
the excited electron can be transferred to an electron acceptor. The two processes generate a 
charge separation, making the photo-excited molecule a good oxidizing and reducing agent. 
Moreover, where FRET is generally sensitive in the nanometer scale range, PET can be used 
to study conformational changes on the Ångstrom scale. Conformational changes in the SecY 
structure leading to opening or closing of the lateral gate were investigated using single-
molecule PET (smPET) with the fluorophore boron-dipyrromethene dye BODIPY FL (Bpy) and 
a PET quencher tryptophan, attached to TMDs 2b and 7, respectively. In close proximity e.g. a 
resting state, an electron is transferred between the excited Bby to tryptophan resulting in the 
quenching of Bby. However, opening of the lateral gate prohibits the electron transfer and an 
increased fluorescence is observed as a result. To study purified proteins, model membrane 
systems are often used. One such model are nanodiscs, discoidal lipid bilayers encircled by 
membrane scaffolding proteins (MSP) derived from the apolipoprotein A1 (apoA1). Bpy 
labeled E. coli SecYEG monomers were integrated into nanodiscs and the PET efficiency was 
monitored in the presence of vacant ribosomes or RNCs displaying varying hydrophobicity 
nascent peptides of known SecYEG substrates. Remarkably, vacant ribosomes already 
decreased the PET efficiency, as an increase of Bby fluorescence was observed. However, PET 
decreased even further when Lep75-RNCs were introduced, indicating that although vacant 
ribosomes already seem to induce a partially opening of the lateral gate, a hydrophobic TMD 
induces conformational changes within the SecY structure that opens the lateral gate to allow 
the passage of the TMD into the lipid bilayer. To investigate whether a TMD alone is sufficient 
to induce opening of the lateral gate, an isolated hydrophobic peptide was introduced. The 
addition of this peptide did not lead to a significant change in PET efficiency and the subsequent 
addition of vacant ribosomes in addition did not elicit the opening of the lateral gate more than 
observed with vacant ribosomes alone. Opening of the lateral gate and subsequent insertion of 
a peptide is dependent on the combined effects of the binding of a ribosome and the insertion 
of the nascent TMD into the SecY channel. 
Another study, employing single-molecule FRET (smFRET) addresses the conformational 
changes in SecY in the presence of SecA and different nucleotides 52. Like in the smPET 
study, the TMDs 2b and 7 helices on either side of the gate were labeled only this time with 
a donor and acceptor fluorescent probes. A single copy of labeled SecYEG was reconstituted 
into proteoliposomes and smFRET efficiency was monitored in the presence of nucleotides 
and the ATP-dependent motor protein SecA using time-lapse TIRF imaging. In the absence of 
ligands, a high FRET efficiency was observed, indicating that the probes are in close proximity, 
signifying a closed conformational state of the lateral gate. The addition of SecA and different 
nucleotides significantly changed the FRET efficiencies. In the presence of SecA and ATP 
three different states of the lateral gate were discerned on the basis of statistical criteria 
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and these were correlated to a closed, partly open and open state. In an attempt to obtain a 
better understanding of these states, non-hydrolyzable AMPPNP was supplied to the sample, 
trapping SecA in an ATP bound state. FRET efficiencies measured under these conditions were 
mainly low, indicating a predominantly open conformation of the lateral gate. Interestingly, 
addition of a hydrophobic peptide also resulted in a low FRET efficiency indicating an open 
conformational state. In contrast, ADP resulted in a predominantly closed state as high FRET 
efficiencies were measured. The three different states observed with hydrolysable ATP are in 
agreement with the AMPPNP and ADP experiments. However, the partly open state could not be 
explained and might represent an intermediate. The broad distributions of the states observed 
in this study make it difficult to isolate a specific population, and only through extensive data 
fitting and statistical analysis could evidence for the existence of different populations be 
obtained. Single-molecule approaches like FRET have the ability to distinguish between subtle 
conformational changes and should be able to give a more distinct separation between the 
different conformational states. The single-molecule FRET and PET measurements provided 
crucial insights into the mechanism of opening of the lateral gate, allowing passage of TMD 
into the lipid bilayer. The translocon displays a dynamic structure with large conformational 
changes between a fully closed and open state of the lateral gate, which changes are modulated 
by vacant ribosomes, hydrophobic peptides displayed by translating ribosomes and SecA. 
Although these studies provided insights into conformational changes, and suggest a high 
conformational plasticity of the translocation pore, the exact mechanism by which hydrophobic 
segments enter the bilayer is still not well understood.

1.7.3  Membrane dynamics of SecYEG

Upon today, only one study reports the in vivo localization of the SecYEG translocon at the 
single-molecule level (Figure 4C) 53. By replacing the chromosomal secE gene of E. coli with 
a ypet-secE construct, a fluorescently labeled SecE fusion protein was created. Employing 
a photo-activated localization microscopy (PALM)-type super-resolution approach, the 
localization of the translocon was resolved with a nanometer-scale resolution at the single-
molecule level. Time course imaging of exponentially growing E. coli cells, resulted in a 
homogeneous distribution of the SecYEG translocon over the cytoplasmic membrane under 
native expression conditions. Remarkably, the localization pattern of SecYEG showed regions 
with an increased detection frequency, indicating possible sites for insertion and secretion 
of proteins. Moreover, the localization of the translocon did not follow apparent structures 
inside the cell or membrane, which is in contrast to previous localization studies using 
conventional microscopy that depends on fixed cells, protein overexpression and/or slow 
acquisition times 54–57. This underlines the importance of super-resolution imaging at the 
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single-molecule level, giving unprecedented details and insights into the object studied. For 
efficient membrane protein insertion and/or protein translocation, the PMF and correct 
functioning of SecA are essential. These two key mechanisms were selectively targeted and 
disrupted to study the direct effects of impaired protein insertion and/or translocation on 
the SecYEG translocon. To this end, cells were treated with sub-lethal concentrations of 
the PMF uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP), to dissipate the 
electrochemical gradient of protons and the ATPase inhibitor sodium azide (NaN3), to block 
SecA-mediated protein translocation. Although inhibition of SecA did not lead to a significant 
change of the translocon localization compared to native conditions, disruption of the PMF 
resulted in a more homogeneous distribution of SecE. Although there is a general agreement 
in the field about the monomeric state of the functional translocon, some studies employing 
site and non-specific cross-linking of SecYEG dimers also indicate towards the presence of an 
oligomer. Fluorescence cross-correlation spectroscopy (FCCS) was employed to visualize the 
oligomeric state in giant unilamellar vesicles (GUVs) at a lipid to protein ratio that is similar to 
the native bacterial membrane 58. Two spectrally non-overlapping probes were conjugated to 
single SecYEG translocons, with each translocon labeled once with a certain probe. Codiffusion 
of the two populations was assessed by the analysis of the fluctuations of the fluorescence 
intensity. Using GUVs, only a significant monomeric population was observed. The addition 
of the SecA did not change the oligomeric state. To investigate whether a preprotein induces 
changes in the oligomeric state, a proOmpA-DhfR fusion protein was used as a substrate for 
protein translocation. In the presence of SecA and ATP, this fusion protein is only partially 
translocated through the translocon owing to the tightly folded DhfR domain at the carboxyl 
terminus, which stalls the translocation creating a translocation intermediate. This formation 
of the translocation intermediate was monitored using FRET between probes at the translocon 
and N-terminal part of the proOmpA-DhfR protein. Although the majority of translocons were 
stalled in translocation, no oligomerization was detected using FCCS. These experiments 
with single-molecule sensitivity suggested that a single copy of SecYEG is sufficient for the 
interaction with SecA and for preprotein translocation. A similar conclusion was reached with 
SecYEG reconstituted into nanodiscs that were found to be active when only the monomer was 
reconstituted 59. Recently, the oligomeric state of the translocon was visualized in living E. coli 
cells under native conditions 53. This approach probed the functional state without artificially 
induced cross-linking and thus more likely represents the native functional form of the 
translocon. By correlating the fluorescence intensity of a focus to a single molecule intensity, 
the functional state in living cells was found to be monomeric. Additionally, the localization of 
SecE showed a highly dynamic behavior as indicated by single-molecule tracking. From the 
trajectories of the movement of SecE in a 2D plane through the E. coli cytoplasmic membrane, 
diffusion coefficients were calculated using the cumulative probability distribution (CPD) of 
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the step sizes. From this analysis, it followed that the diffusion of SecE was not homogeneous, 
(e.g., the particles did not move with a homogeneous rate). In fact, three different diffusion 
coefficients were found, correlated to different states of the translocon. The first population 
likely corresponds to SecYEG translocons diffusing as single complexes in the membrane. The 
second population displayed a diffusion coefficient corresponding to a complex of SecYEG 
with YidC and a large structure, possibly ribosomes or polysomes. The last population was 
immobile, corresponding to a relatively large complex, possibly the holotranslocon, where the 
SecYEG translocon is bound to the YidC and SecDF proteins and the large cellular structures 
indicated before.
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1.8 The SecA motor protein
 

Figure 5 | The Escherichia coli SecA monomer and cellular localization visualized by super-resolution 
microscopy. (A) The crystal structure of E. coli SecA (PDB ID: 2FSF). The nucleotide-binding folds 1 and 2 (NBF1 
and NBF2) of the ATPase core, NBD, are shown in blue (residues 1–220 and 377–416) and cyan (residues 417–621), 
respectively. The preprotein cross-linking domain (PPXD) (residues 221–376) is shown in red. The three subdomains 
of the C-terminal domain (CTD): the helical scaffold domain (HSD) (residues 621–669); the intramolecular region of 
ATP hydrolysis 1 (IRA1) (residues 756–829) and the helical wing domain (HWD) (residues 670–755) are depicted in 
green, magenta and yellow, respectively. There was insufficient electron density to confidently build some residues at 
the N- and C- termini and most of the PPXD 60. (B) Super-resolution imaging of SecA in E. coli cells showing spots of 
higher fluorescence intensity possibly indicating sites for protein insertion. Scale bar is 1 µm.

1.8.1 Structural insights into SecA

The driving force for membrane protein insertion is provided by polypeptide chain elongation 
and the hydrophobic properties of polypeptide segments that by thermodynamic partitioning 
determines whether a segment will integrate into the lipid bilayer. However, some membrane 
proteins possess large periplasmic domains that need to be translocated across the cytoplasmic 
membrane. The driving force for translocation is provided by ATP hydrolysis through the action 
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of the SecA protein. SecA utilizes ATP to mediate the translocation of unfolded preproteins 
through the SecYEG channel into the periplasm 20, a process that is stimulated the PMF 61–

63. SecA comprises several highly conserved structural and functional domains involved in 
cellular localization, nucleotide and preprotein binding and motor action (Figure 5A) 12,64–66. 
The 29 α-helices and 23 β-strands 60 of the E. coli SecA protein are arranged into three main 
functional domains; the nucleotide-binding domain (NBD) (Figure 5A, NBD, blue and cyan), 
the preprotein cross linking domain (PPXD) (Figure 5A, PPXD, red) and the C-terminal domain 
(CTD) (Figure 5A, CTD, green, yellow and magenta). The NBD domain consists of two essential 
functional nucleotide-binding folds (NBF1 & NBF2) (Figure 5A, NBF1, blue and NBF2, cyan) 
that catalyze the binding and hydrolysis of ATP. Due to the regulatory function of NBF2 it is also 
referred to as intramolecular regulator of ATP hydrolysis 2 or IRA2 60,67. While NBD facilitates 
ATP hydrolysis, the substrate recognition is mainly regulated by the PPXD and the CTD 60,68. 
The latter can be sub-divided into 3 sub-domains, termed the C-terminal linker (CTL) or IRA1 
(Figure 5A, IRA1, magenta), the α-helical wing domain (HWD) (Figure 5A, HWD, yellow)and 
the α-helical scaffold domain (HSD) (Figure 5A, HSD, green), which contacts all the three main 
domains and contains a two-helix finger motif 60,69. Besides substrate recognition, the CTD is 
involved in SecB- and phospholipid-binding 70. For the interaction of SecA with SecYEG, all 
SecA (sub)domains, except HWD, are involved 37,71,72.
Based on structural data, it has been proposed that unfolded preproteins are trapped in a 
clamp or binding groove that is formed by PPXD, NBD2 and HSD (Figure 5A), while ATP is 
trapped at the interface of NBD1 and NBD2. Upon binding of ATP between the motor sub-
domains, NBD2 controls the ADP-release and optimizes ATP catalysis at NBD1, the catalytic 
sub-domain 73. The ongoing ATP-binding and subsequent ADP-release cause a motion of 
the motor domain NBD, which is thought to be transmitted to PPXD and CTD, providing the 
mechanical force necessary for the translocations through the channel 12,74. In order to prevent 
futile ATP hydrolysis cycles in the absence of both substrate and SecYEG, cytoplasmic SecA is 
maintained in a thermally stabilized ADP-bound state. This state is accomplished by restricting 
the activator function of NBD2 due to physical contact of IRA1 with NBD in the absence of 
translocation ligands and SecYEG 73. Furthermore, a conserved electrostatic salt bridge located 
in the HSD, called Gate1, might also function to prevent futile ATP hydrolysis cycles. Gate1 links 
the two motor domains and controls the opening/closure of their interface 16. In the presence 
of both translocation ligands and SecYEG, Gate1 is suggested to functionally connect NBD with 
PPXD, which allosterically stimulates the SecA ATPase activity. Besides the presence of ligands, 
SecB and SecYEG, stimulation of the ATPase activity of SecA is found in the presence of anionic 
phospholipids 15.
Despite these structural insights, the exact molecular mechanism by which SecA mediates 
translocation is still poorly understood. Based on biochemical assays, a predominant cytosolic 
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localization has been suggested 14,75–77 as SecA is readily isolated from cellular lysates. However, 
some SecA is tightly bound to the membrane and in vitro it is only released upon urea or 
carbonate extraction 78. The latter likely reflects a population of SecA that is bound to anionic 
phospholipids via its amphipathic N-terminus that penetrates the membrane 79. Anionic 
phospholipids are essential for protein translocation. The latter is likely a multifaceted process, 
but a critical element is the activation of SecA by anionic phospholipids. The insertion of the 
N-terminus of SecA into membranes harboring anionic lipids likely induces a conformational 
change to SecA priming it for high-affinity binding to SecYEG. The lipid requirement for 
high affinity binding implies that the lipid-bound form of SecA is an intermediate in the 
functional cycle. These insights were obtained by using microscale thermophoresis (MST) on 
single molecules of SecYEG reconstituted into small and large nanodiscs 79. Like nanodiscs, 
every biomolecule has a hydration shell as a result of their conformation and/or structure 
and can be manipulated using temperature. The appliance of heat, results in changes in the 
biomolecule conformation and/or structure, which directly affects the diffusive behavior. MST 
is based on this principle. Using thin capillaries filled with solution, the directed diffusion of 
fluorescently labeled particles upon applying a microscopic temperature gradient is detected 
and quantified. Addition of a binding partner will change the hydration shell upon binding, 
resulting in a different diffusion behavior along the temperature gradient and resulting in a 
typical binding curve. The binding of SecA to the translocon was assayed in the presence of 
a small and large pool of lipids, using small and large nanodiscs respectively. In the presence 
of limiting number of lipids, SecA bound with a low affinity (Kd = ~ 3 µM) to the translocon 
reconstituted in the small nanodiscs. In contrast, a high affinity (Kd = ~ 300 nM) was observed 
when SecA had access to a large lipid surface. Using mutant constructs of SecA lacking the 
amphiphatic N-terminus, or containing a flexible extension linking the amphiphatic helix 
to SecA, it was observed that membrane tethering is not sufficient, and that this process is 
coupled to a conformational change of SecA allowing it to bind to SecYEG. This lipid bound 
intermediate of SecA likely plays further crucial functions in the catalytic cycle. The membrane 
might act as platform to reduce the targeting complexity from 3-dimensions, e.g. the cytosol, to 
the 2-dimensional plane of the membrane, thereby kinetically enhancing the binding of SecA 
to the SecYEG translocon.

1.8.2 Single-molecule observations of the cellular concentration and localization of 
SecA

Recently, evidence has been provided for the existence of this membrane-bound SecA 
intermediate in cells. Super-resolution fluorescence microscopy at the single-molecule level 
was employed to study the localization of SecA in vivo under native conditions and impaired 
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protein translocation conditions (Figure 5B) 80. By replacing the chromosomal secA gene of E. 
coli with a secA-ypet construct, a fluorescently labeled fusion protein was created. A PALM-type 
super-resolution microscopy approach was employed to resolve the localization of SecA at the 
single-molecule level. Under native conditions, only a very small cytosolic pool was observed. 
Rather, SecA was predominantly bound to and distributed over the cytoplasmic membrane 
without an apparent preferred cellular location. However, regions of higher detection 
frequency were detected. These patches possibly indicate sites for protein secretion as similar 
regions were observed for the SecE protein. Additional localization insights were obtained by 
dissipating the PMF using CCCP and blocking SecA-mediated protein translocation using NaN3. 
Remarkably, blocking the ATPase function of SecA did not result in a change of localization, 
however, a significant amount of SecA molecules were relocalized to the cytosol. In pursue of 
gaining further insights into the mechanisms of SecA-mediated translocation, the same study 
employs single-molecule counting to determine the concentration of SecA in vivo 80. In contrast 
to biochemical assays, but in line with a recent quantitative mass-spectrometry study, between 
37 and 336 with an average of 126 SecA molecules per cell were detected, which amounts to 
a cellular concentration of approximately 23 to 207 nM respectively. Disruption of the PMF 
did not influence this number significantly, however, an increased SecA concentration was 
observed as a direct effect of the treatment with NaN3. This increase is presumably an effect 
of the upregulation of the secA via transcriptional feedback by the SecA substrate and protein 
translocation monitor SecM 63. Under native secretion conditions, the concomitantly translation 
and SecA mediated translocation of the SecM protein prevents the formation of a RNA hairpin, 
blocking the translation of the secA gene. However, during secretion-limiting conditions due 
to impaired SecA functioning, translation of the SecM causes elongation arrest preventing the 
formation of the RNA hairpin, leading to the translation of the secA gene. The blockage of the 
SecA ATPase by NaN3, rendering SecA-mediated protein translocation impaired, is lethal for a 
cell, and this is signaled through SecM resulting in the upregulation of the secA gene. 

1.8.3 Functional quaternary state of SecA
 
The quaternary functional state of SecA has been one of the questions that has raised 
controversy in the field. Through crystallography, both monomeric and dimeric structures of 
SecA have been described that differ in conformation and/or dimer interface 37,60,64,65,81,82. It is 
proposed that the native antiparallel dimerization is mediated exclusively by the nucleotide 
binding domains of the two monomers 60. Moreover, SecA is purified from cells in a dimeric 
form while in vitro translocation studies suggested that SecA is functional as a dimer 13,83. 
Mutation-induced monomerization of SecA is associated with a severe loss of activity, but 
can be overcome by high level expression of SecA allowing the formation of dimers at high 
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SecA concentration 14,84,85. To investigate the oligomeric state of SecA in vitro at the single-
molecule level, dual-color fluorescence burst analysis (DCFBA) was employed 86. DCFBA relies 
on the diffusion of particles labeled with two spectrally non-overlapping probes through the 
confocal volume. When these particles are binding partners, a codiffusion through the confocal 
volume is detected as overlapping fluorescent bursts. To address the oligomeric state of SecA 
in solvent, proteins were labeled with two spectrally non-overlapping probes, creating two 
spectral populations of SecA. Titration experiments with the SecA concentration resulted in 
a dissociation curve, indicating a Kd of < 1 nM for SecA dimerization. The affinity of SecA for 
SecYEG was also investigated, and measured to be ~ 4 nM, in line with previous studies 87.  
Based on a cellular concentration of ~ 73 nM, the dimerization constant implies that SecA 
is predominantly dimeric. However, due to the minimalist nature of in vitro assays, it might 
not represent the native state in vivo. Recently, the oligomeric state of SecA was assays in vivo 
under native conditions using super-resolution fluorescence microscopy 80. By calculating the 
number of molecules per focus, by measuring the fluorescence of SecA-Ypet in single foci, the 
dimeric state of SecA was visualized in living cells. These studies revealed that the majority of 
the SecA in these foci is dimeric. Whether dimeric SecA was bound to a translocon or active in 
translocation was not possible to determine using the aforementioned technique. However, the 
oligomeric state of SecA bound to the SecYEG translocon was also studied in vitro using DCFBA. 
Fluorescence ratio between a, in proteoliposomes reconstituted, cross-linked SecA:SecYEG 
construct and a non-crosslinked SecA and reconstituted SecYEG was determined 88. Under 
low salt concentrations, no difference was observed in the fluorescence ratio between the two 
protein conditions. High salt conditions cause monomerization of SecA in solution. The non-
crosslinked SecA was found to bind with the same affinity to SecYEG as the cross-linked SecA 
albeit with a near to 2-fold lower ratio under high salt conditions, indicating the binding of a 
SecA monomer under those conditions.  The combined in vivo and in vitro evidence supports 
the notion that SecA binds SecYEG as a functional dimer. 

1.8.4 Co-localization of the SecA ATPase with the SecYEG translocon

In pursue of observing the dynamical SecA interactions with the SecYEG translocon, a super-
resolution dual-color approach was employed 53. To this end, a strain was constructed bearing 
the SecA-Ypet and paTagRFP-SecE fusion proteins, as a replacement for the respective wild-
type genes. Kymographs were made from the fluorescence of both proteins, which showed 
a high colocalization in time. Additionally, the localization of SecA showed a highly dynamic 
behavior. Single-molecule tracking with a high temporal resolution resulted in trajectories of 
the movement of SecA through a 2D focal plane of the E. coli cytoplasmic membrane. Like 
SecE, diffusion coefficients were calculated using the cumulative probability distribution of 



28

the step sizes and different diffusive populations were found. The data indicated that SecA 
displays three different states of mobility, correlating to different states in its catalytic cycle. 
In the first state, SecA diffuses rapidly along the cytoplasmic membrane (~ 2 µm2 s-1). From 
the oligomeric state studies, these particles are presumed to be dimeric. This state possibly 
represents a scanning state of SecA, wherein the SecA is diffuses along the surface until it 
binds to a translocon. This bound state also appears short-lived, and likely at that instances, 
translocation occurs. SecA was also found to be diffusing with a rate indicative for integral 
membrane proteins, possibly the state where SecA bound to a SecYEG translocon. The last 
state SecA was found to be immobile akin to the immobile state of the translocon, and this form 
is presumably engaged with a super complex or holotranslocon as discussed in a previous 
section.
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1.9 The SecDF complex

Figure 6 | Structure and cellular localization of Escherichia coli. (A) Structure of SecDF with the periplasmic 
domain of SecD and SecF indicated with blue and magenta respectively (PDB ID: 3AQP). The SecD and SecF membrane 
domains are indicated with green and yellow, respectively. (B) Visualization of SecF in E. coli cells showing spots of 
higher fluorescence intensity, possibly indicating sites for protein insertion. Scale bar is 1 µm.

1.9.1 Structural insights into the SecDF complex

At the later stages of translocation, another set of Sec accessory proteins aid in the protein 
translocation process initiated by SecA. This concerns the SecDF complex that consists of the 
integral membrane proteins SecD and SecF that in some bacteria form a single fused polypeptide. 
SecDF plays a role in the downstream stages of translocation of secretory proteins as well as 
in membrane protein biogenesis and stabilization of the SecY proteins forming the pore 89–92. 
Structure elucidation showed that the SecDF complex consists of 12 TMDs, 6 TMDs per protein, 
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and 6 periplasmic domains (P1-P6) (Figure 6A) 93,94. Of these domains, P1 (Figure 6A, blue) 
and P4 (Figure 6A, magenta) form distinct (sub)structures of which the base substructures is 
structurally homologous 95. In contrast to P4, P1 has an additional head substructure covalently 
linked to the base by a hinge region. Crystal structures showed that this head domain exists 
in two different conformational states, F and I 95. It has been proposed that these states aid in 
the translocation by interacting with the polypeptide on the periplasmic side of the membrane 
by pulling the polypeptide through the pore through changing the conformational state 95. The 
shift between the different states is possibly promoted by the proton-conducting ability of 
a conserved TMD at the interface of SecD and SecF. This process is dependent on the PMF 
which may be utilized to power the change in state which eventually leads to the complete 
translocation of the mature protein 95. 

1.9.2 Cellular localization of the SecDF complex

Recently, the localization of the SecDF complex was studied using single-molecule super-
resolution microscopy (Figure 6B) 53. A functional fluorescent SecF-Ypet protein was 
constructed by integrating the gene of ypet into the secF locus in E. coli, replacing the wild-
type gene by a fluorescent fusion construct. As expected for a membrane protein, under 
native conditions SecF was detected in the cytoplasmic membrane of E. coli and formed highly 
localized foci. To gain more insights into this localization pattern, the PMF was dissipated with 
the addition of CCCP. Since conformational changes of the SecDF complex depend on a proton 
flux, correct functioning of the complex was presumed to be impaired. Evidence for defective 
SecDF-mediated protein translocation was found in the slight change in localization pattern 
under these impaired conditions to an increase in detections outside of the typical foci under 
native conditions to a more homogeneous distribution through the membrane. This change 
possibly indicates the disassembly of the SecDF complex or loss of interaction with the SecYEG 
complex. Additional evidence to support this hypothesis is the effect of NaN3, as a native 
localization pattern is observed under these impaired SecA-mediated protein translocation 
conditions. 

1.9.3 Cellular concentration of the SecDF complex

The low abundance of SecDF already follows from super-resolution reconstructions of the low 
intensity of the total fluorescence emitted by a single cell 53. Correlating the total emission 
by a single cell to the intensity of a single fluorescent protein, indicates that SecF is indeed 
a low abundant protein with an average of only 64 copies per cell with a range of 23 to 116 
molecules detected for the population. Interestingly, the data obtained using single-molecule 
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counting aligns well with other biochemical and genetic-based assays, indicating a copy 
number of less than 60 SecF copies per cell 94,96. However, QMS indicated a range of 229 and 
532 SecF molecules per cell 97,98. The discrepancy between these techniques and QMS might 
be the use of reference peptides to determine the copy number of another protein. Overall, 
the single-molecule method together with the biochemical and genetic studies indicate a low 
abundance of the SecDF complex. Biochemical assays examining the stoichiometry of the 
holotranslocon suggest that a single SecDF complex associates with the SecYEG translocon 99. 
Recently, this monomeric state was confirmed using a single-molecule microscopy approach 
53. A functional fluorescent SecF-Ypet construct was used to count the molecules per focus. 
As prior to bleaching all the foci comprised single Ypet molecules, the complex is monomeric 
under native conditions in E. coli. Because of the low abundance of the SecDF complex, not all 
SecYEG complexes in the membrane will be engaged with a SecDF complexes at a given time. 

1.9.4 Membrane dynamics of the SecDF complex

Membrane diffusion analysis of the SecF-Ypet construct indicated that this protein diffuses 
in two distinct forms 53. Under native conditions, the majority of molecules (68%) were 
immobile, the remainder of 32% showed an apparent diffusion coefficient comparable to that 
of a membrane protein. Blocking SecA-mediated protein translocation by NaN3 resulted in 
only a slight increase in the immobile population but did not affect the diffusion coefficients. 
Dissipating the PMF had a similar but stronger effect as NaN3, as the immobile population 
increased up to 79% of all the molecules. Apparently, blockage of protein translocation, 
renders the stalled translocons complexed with the SecDF, thereby affecting the dynamics of 
this complex in the cytoplasmic membrane. These data suggest that SecDF complex binds in a 
dynamic manner to the SecYEG translocon consistent with its role in the later stages of protein 

translocation. Thus, the holotranslocon is a dissociable entity that likely forms on demand.
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1.10 The membrane protein insertase YidC

Figure 7 | Structure and cellular localization of the Escherichia coli YidC insertase. (A) Crystal structure of YidC 
(PDB ID: 3WVF) with the periplasmic domain indicated with blue and membrane and cytosolic domains indicated 
with green. (B) YidC structure rotated 90 degrees, visualizing the hydrophobic groove, which presumably facilitates 
the protein insertion into the cytoplasmic membrane. (C) Visualization of YidC in E. coli cells showing spots of higher 
fluorescence intensity possibly indicating sites for protein insertion. Scale bar is 1 µm.

1.10.1 Structural insights into the YidC insertase

Another protein associated with the SecYEG translocon is a membrane protein insertase from 
the universally conserved YidC/Oxa1/Alb3 protein family, termed YidC. Functional studies 
on YidC suggests that it aids in the folding and quality control of newly inserted membrane 
proteins 100,101. Most of the specific YidC substrates are small integral membrane proteins with 
one or two TMDs, often with one or more polar or charged amino acids residues in a TMD 102,103. 
Therefore, YidC may facilitate membrane insertion of proteins that are difficult to insert by 
SecYEG alone, although the exact molecular basis of substrate specificity remains unresolved. 
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In this respect YidC can act on its own or function in concert with SecYEG (Figure 2 pathway 
indicated by the letter C). In the latter modus operandi, YidC interacts with the SecDF complex 
of the holotranslocon, which probably facilitates the association of YidC to SecYEG 104,105. YidC 
likely associates near the lateral gate of SecY in order to have access to nascent membrane 
protein segments and to aid to their membrane partitioning 106–108. These interactions may 
create a secluded environment in membrane where proteins are inserted. The elucidation of 
the structure of YidC has provided tremendous insights into the mechanisms by membrane 
proteins are inserted into the lipid bilayer (Figure 7A and 7B) 109–112. YidC homologues share 
a highly conserved core, consisting out of five TMDs connected by hydrophilic loops. The only 
major difference is observed in the homologues N-terminal region where YidC homologues 
from Gram-positive bacteria contain a putative lipoprotein signal sequence, which is removed 
by single peptidase II upon membrane insertion, leaving a lipid anchor at the N-terminus 113. 
In contrast, YidC proteins of Gram-negative bacteria contain an additional N-terminal TMD, 
which is followed by a large periplasmic domain 114,115. The highly conserved core of YidC 
proteins consists of five TMDs and forms a globular structure that contains a hydrophobic 
groove between TMD3 and TMD5 in which a conserved charged arginine residue resides. 
This hydrophobic groove is accessible from the cytoplasmic site and presumably facilitates 
the passage of membrane segments from the cytoplasm into the lipid bilayer, where the 
conserved arginine seems to function as a possible selector for insertion. Key insights on 
the YidC structure using X-ray diffraction were obtained from crystals formed in the lipidic 
cubic phase 109–112. This approach, however, is limited to a non-native environment. Recently, 
high-resolution solid-state nuclear magnetic resonance spectroscopy (ssNMR) and electron 
cryotomography (cryoET) techniques were combined to study the structure and function of 
YidC in its native environment 112. These two techniques complement each other limitations 
to obtain high-resolution structural data with dynamical information. Due to the sample 
preparation of cryoET, it can only provide a nanometer scale spatial static snapshot of the 
subject in its native environment, while ssNMR is able to provide bulk dynamical information 
with nanosecond temporal resolution at the Angstrom scale. In pursue of obtaining the YidC 
structure in a native environment, NMR-active nuclei were incorporated into YidC in vivo. 
After isolation of the cell envelopes by gentle cell lysis, samples were subjected to ssNMR. 
NMR spectra of YidC in these native membranes showed a high structural comparison to YidC 
reconstituted into proteoliposomes, however, significant structural differences were found 
between the native and reconstituted environments suggesting different structural dynamics 
of the YidC protein under native and reconstituted conditions. 
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1.10.2 Single-molecule observations of the YidC functional quaternary state, cellular 
localization and concentration

Recent biochemical data and the YidC crystal structures indicate a monomeric functional state 
109–112, although the protein has the tendency to dimerize. To investigate the functional state of 
YidC, FCCS was employed to study the native state of YidC upon interaction with ribosomes 116. 
To this end, solubilized YidC proteins were labeled with two spectrally different fluorophores, 
creating two pools with each one probe. A low cross-correlation for detergent solubilized 
pools of YidC, indicated that under these conditions YidC did not form oligomers, but remained 
predominantly monomeric. To investigate the quaternary state in the presence of translating 
ribosomes, RNC were added to the pool of dual color labeled YidC proteins, but this did not 
cause a significant change in the cross-correlation signal. Likewise, RNCs translating a YidC 
substrate membrane protein were found to bind to nanodiscs containing single YidC proteins, 
further suggest that the monomer is the functional entity 116. 
YidC has recently been visualized in E. coli cells using single-molecule super-resolution 
microscopy (Figure 7C) 53. YidC was fluorescently labeled by integration of the ypet gene into 
the YidC locus, resulting the labeling of the only yidC copy, creating a functional YidC-Ypet 
fusion protein. The population of exponentially growing E. coli cells expressed on average 102 
molecules of YidC per cell and ranged from 15 to 360 molecules per cell in the whole population. 
The copy number obtained in this study is similar to the range found using quantitative mass 
spectrometry, which estimated between 52 to 2030 YidC molecules per cell 98. Reconstructing 
the fluorescence detected of natively expressed YidC-Ypet in exponentially growing E. coli 
cells, indicated a near-perfect homogeneous distribution of YidC through the cytoplasmic 
membrane. Disruption of the PMF or SecA-mediated protein translocation, did not change 
the localization of YidC significantly. Employing in vivo single-particle tracking, indicated that 
particles displayed heterogeneity in diffusion parameters. Remarkably, three distinct diffusion 
coefficients were found comparable to the diffusion coefficients of the SecYEG translocon. 
Two of these diffusion coefficients correspond to slow migrating species, likely representing 
different compositions of the holotranslocon complex, whereas the fast moving species likely 
corresponds to uncomplexed YidC. In line with the SecDF data, this further suggests that the 
holotranslocon is a dissociable entity and resulting in holotranslocons in the membrane with 
different subunit compositions.
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1.11 Single-molecule studies of the molecular chaperone SecB

Figure 8 | Structure of the molecular chaperone SecB and optical tweezer experimental setup. (A) SecB 
quaternary structure (PDB ID: 1QYN) with each monomer indicated with a different color (B) SecB structure rotated 
90 degrees to show the interface of the dimer-of-dimers (C) Experimental optical tweezer setup with maltose-binding 
protein (MBP) tethered between two beads; is held in place on the left by the optical trap, allowing for force detection, 
and is attached on the right to a position-controlled micropipette to exert force on MBP.

1.11.1 Structure of the molecular chaperone SecB

The cytosolic chaperone SecB is a secretion dedicated chaperone that prevents premature 
folding of preproteins in the cytosol while facilitating their targeting to the SecA ATPase 
subunit of the translocon 6,17,117. Although signal sequences play a major role in the targeting 
of preproteins to the translocon, they may also play a role in recruitment of SecB to RNCs. 
It is proposed that SecA recognized and binds specific SecB substrate signal sequences and 
subsequently recruits SecB to the polypeptide 118. This data obtained from ribosome profiling 
extents the current understanding of the SecB catalytic cycle and is in agreement with the 
general knowledge that SecB recognizes and interacts with regions in the mature part of 
preproteins. This feature makes SecB an unique and intriguing chaperone as the substrates 
share no sequence homology apart from a general binding motif consisting of nine charged 
and aromatic amino acid residues. In vivo, SecB highly abundant with a cellular concentration 
between 1.6 and 2.5 µM in E. coli 119. Structural insights into SecB showed a homotetrameric 
structure (Figure 8A and 8B) 120, consisting of a dimer-of-dimers arrangement. Each monomer 
(A-D) is composed of a 4 antiparallel stranded Greek key motif β-sheet and two α-helices 
separated by a helix connecting loop, running along the hydrophobic side of the β-sheet. The 
SecB dimer is formed by a 180° rotation of monomer B with respect to monomer A. Interactions 
between the β1 strands and α1 helices of each monomer facilitate the dimerization, mainly via 
β1 main chain hydrogen bonding of the two dimers. The β1 strands are orientated antiparallel 
forming one large 8-stranded β-sheet. The fully functional chaperone is formed by packing of 

BA C
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the α1 helices of the four monomers in between the 8-stranded β-sheets. The homotetramer is 
stabilized by hydrogen bonding via water molecules located at the dimer-dimer interface. This 
kind of hydrogen interaction possibly facilitate a rapid exchange of dimers as the tetrameric 
form is in a dynamic equilibrium with the dimeric form 121. Binding of the substrate is facilitated 
by a groove located between helix α2, strand β2, the crossover loop connecting strand β1 and 
β2 loop and a helix-connecting loop between the strands β3 and β4. The groove consists of two 
peptide binding subdomains. The first an aromatic deep section of the channel called subsite 1 
and the second a more accessible and shallower hydrophobic subsite 2. Together the binding 
subsites form a 70 Å long peptide binding groove on either side of the dimer adding to a total of 
4 protein binding sites in the tetrameric form. The size of the binding grove allows for binding 
of extended peptide segments of approximately 20 residues. Strikingly, it has been shown that 
SecB can bind fragment up to 150 residues, suggesting that an unfolded polypeptide may wrap 
around the tetrameric form thereby regulating the affinity for substrates. Patches of more 
neutral and slightly positively charged surface near subsite 1 and negatively charged residues 
near subsite 2 may act as a selectivity filter, which is in line with an study indicating that 
initially SecB binds substrates via electrostatic interactions whereas subsequent hydrophobic 
interactions result in a condensed complex 122. Moreover, structural insights have indicated a 
high flexibility of the crossover and helix-connecting loops, which is speculated to regulate the 
accessibility or extend of the hydrophobic subsite 1 thereby regulating the substrate specificity 
120. 

1.11.2 Single-molecule observations of the chaperoning function of SecB

The activity of SecB was assayed using a remarkable single-molecule approach 123. To study 
the folding and unfolding pathway of the SecB substrate maltose binding protein (MBP) and 
the influence of SecB on this process, optical tweezers were employed. Originally called single-
beam gradient force traps, commonly known as optical tweezers, are scientific instruments 
used to manipulate dielectric particles attached to the research object using a highly focused 
laser beam called a trap. Application of piconewtons (pN) force to these dielectric particles 
allows for the exertion of a pulling or pushing force on the object of interest. Changes in these 
forces are recorded and give, when exerted on a protein, detailed insights into the folding and 
unfolding forces upon conformational changes. At the basis of the particle manipulation lies 
the fundamental linear and angular momentum properties of light. In a typical setup, an infra-
red laser beam is focused by a high numerical aperture (NA) objective, creating an hour-glass 
shaped Gaussian beam profile. At the narrowest point, a very strong electric field gradient 
forces a particle towards the center of the beam. The dielectric particle, typically a polystyrene 
bead, plays a key role in the positioning as functions as a microscopic lens, refracting the 
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laser light as it exits the bead, resulting in a directional momentum towards the beam center. 
Folding and unfolding events of MBP were assayed using this technique by tethering a MBP 
molecule between two polystyrene beads. By displacement of the micropipette away from a 
static trap a pulling force was applied to MBP, resulting in a force-extension curve. After each 
extension, the micropipette was moved back towards the static trap resulting in a relaxation 
curve. Purified MBP showed a sudden change in this extension curve when a force of 25 pN 
was applied, indicating that the force applied resulting in the unfolding of the MBP protein to a 
linear polypeptide. Interestingly, when the distance between the beads was decreased, hence, 
the pulling force decreased, MBP folded back into the native conformation as evident from a 
second stretching experiment yielding a similar extension curve. Increasing the number of 
MBP moieties in the polypeptide between the polystyrene beads from one to four (4MBP), a 
saw-tooth pattern was observed. Interestingly, the unfolding events remained exactly the same 
as for a single protein, with an average force of 23 pN. However, after allowing for refolding into 
the native conformation, the second extension curve did not result in a similar curve. Instead, 
a sudden change was observed when applying 40 pN. Supposedly, the four MBP molecules 
close together aggregated to a more stable structure instead of refolding into the native 
conformation. The effect of SecB on this construct was assayed by the same experimental 
procedure. When a single MBP molecule was subjected to a pulling force in the presence of 
SecB, an extension curve similar to that in the absence of SecB was obtained with an average 
unfolding force of 24 pN. SecB thus does not influence the unfolding pathway of MBP. However, 
when the pulling force decreased and MBP was allowed to refold into its native conformation, 
the subsequent extension curve followed the path of the relaxation curve. This indicated 
that SecB binds only to the unfolded MBP molecule and prevents its refolding into any stable 
tertiary conformation. Interestingly, 4MBP showed similar extension and relaxation curves as 
a single MBP molecule. Where in the absence of SecB the 4 MBP molecules aggregated, the 
presence of SecB prevents the formation of aggregates. Single-molecule observations allow for 
an incredible detailed analysis. Observed from the force extension curves below 15 pN, small 
intermediate steps were detected prior to the fully unfolding event at approximately 25 pN. 
Using molecular dynamics simulations and a more detailed analysis of extension forces below 
15 pN using optical tweezers, α-helices located at the N and C-terminus were found to unfold 
and refold at near equilibrium forces prior to the unfolding of the core structure of MBP. The 
presence of SecB did not change the dynamics of the refolding of the a-helices indicating that 
SecB does not bind to these regions of MBP but binds to motifs in the core structure of MBP. A 
folding model was formed based on the data obtained from the optical tweezer experiments. 
Firstly, the peptide is compacted to a molten globule state in either the presence or absence 
of SecB, however, the presence of SecB prevents the formation of any tertiary conformations 
maintaining a translocation competent state. Second, once the core of MBP is formed SecB 
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fails to bind and the peptide continues to fold exhibiting similarities with a nucleation-growth 
mode into the native conformation with the N- and C-terminal α-helices folding at the latest 
stages. 
The temporal regulation of SecB binding to nascent substrates remains largely unknown. 
Recently, site-specific cross-linking of SecA to RNC investigated the recruitment of SecA 
and cytosolic chaperones to RNCs 118. Isolation of cross-linked species indicated that SecA 
binds to Sec substrates of at least 100 amino acids longs, more importantly, the binding of 
SecB to nascent chains was depended on the initial binding of SecA, possibly indicating that 
SecA recruits SecB to the nascent chain. Subsequently, the binding of SecB to the nascent 
chain dislocates SecA, possibly freeing the signal sequence for targeting. Once the substrate 
preprotein is bound by SecB, it is targeted to SecA subunit of the holotranslocon. This targeting 
is based on the specific recognition of SecB by the SecA dimer involving the C-termini that 
contain a zinc binding domain 124,125. The binding site for SecA on SecB is located at the dimer 
interface to the solvent exposed highly negative charged region of the β-sheet. Lying opposite 
to the SecA binding site are the essential residues for tetramer stabilization. Therefore, it has 
been postulated that the binding of SecB by SecA may affect the quaternary structure of SecB. 
Such changes indirectly may influence substrate binding and be a crucial step in the transfer 
of the preprotein to SecA. 

1.12 Future outlook on single-molecule techniques to investigate protein biogenesis

Here we have provided an overview of the recent single-molecule insights into the structural 
and mechanistic aspects of the Sec-translocon as well as its cellular distribution and dynamics. 
The Sec-translocon has been studied by a wealth of genetic and biochemical approaches, 
mostly by bulk assays. Importantly, the structural studies have provided the first glimpse 
of the mode of action of a molecular machine that performs a dual function, i.e., vectorial 
translocation across the membrane and lateral integration of membrane proteins into the 
membrane. In this respect, the new developments in cryo-electronmicroscopy will reveal 
the exact organization of the holotranslocon and will image intermediate stages of protein 
translocation and membrane protein insertion. To understand the functional aspects of the 
translocon and the mechanisms involved, the structures have inspired further biochemical 
analysis as well as computational studies to further understand the complex mechanisms 
involved in protein biogenesis. Although molecular dynamics can provide deeper insights 
in local structural dynamics of proteins at very short time scales, it is not possible to mimic 
the entire process over longer time scale. Also most of the biochemical techniques can not 
faithfully explore the dynamics of this process. Many aspects of protein biogenesis are fast or 
transient, which, population averaging in bulk measurements cannot resolve. Our knowledge 
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of single-molecule techniques has increased rapidly during the past decades and are more 
frequently used to study complex biological processes both in vitro and in vivo. Single-molecule 
techniques will therefore increasingly play a larger role in investigating this process leading to 
groundbreaking new insights in the mechanisms and dynamics involved.
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1.13 Scope of the thesis

During the last few decades, the bacterial Sec system has been extensively studied using 
numerous methods and techniques. However, this crucial system with homologues found in 
all kingdoms of life has never been studied at the single molecule level in vivo under native 
conditions. This marks the starting point of the work described in this thesis. The scope of this 
thesis is to develop and implement in vivo single-molecule imaging techniques and methods 
for studying the Sec system in exponentially growing Escherichia coli cells. 

Chapter 1 provides a review on the current knowledge of the bacterial secretion system. The 
review is focused on single-molecule techniques used to elucidate different aspects of the 
mechanism of bacterial protein translocation and membrane protein insertion.

Chapter 2 presents the development of an in vivo single-molecule imaging technique. At the 
basis of this study lies the labeling of the endogenous SecA protein through in frame fusion of 
the ypet gene into the secA locus, resulting in a strain with functional SecA-Ypet fusion proteins 
as sole copy. Our developed imaging and analysis methods resulted in irrefutable evidence 
of the dimeric nature of SecA in cells, and showed a highly dynamic behavior of this protein. 
Moreover, we found evidence of a much lower intracellular SecA concentration then previously 
assumed on the basis of biochemical experimentation. The chapter provides an unifying model 
of the cellular localization and different states of SecA under native conditions.

Chapter 3 is based on the developed techniques and methods in chapter 2. It extents the scope 
to other proteins of the Sec system. This chapter presents the in vivo study of the SecE, SecF and 
YidC proteins, all membrane subunits of the holotranslocon. Here, we visualized for the first 
time the locations of these protein in vivo with high resolution and observed the functional state 
of these proteins under native conditions. By combining two spectrally different fluorescent 
proteins in a single strain, empirical evidence was obtained for the existence of the elusive 
holotranslocon.

Chapter 4 addresses the possibilities of isolating membrane proteins from their endogenous 
environment and measuring diffusional and binding characteristics in a more controllable 
model membrane system. Here, we developed a method of constructing and tracking single 
SecYEG translocation channels in a supported bilayer. Interestingly, we observed similar 
diffusion coefficients in vitro as found in the in vivo setting in chapter 3. Additionally, we 
observed binding of stalled ribosomes containing a translocation substrate.
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